The recognition and suppression of small feature from B-rep models play an important role in effectively generating the qualified mesh for analysis. This paper presents the ruled-based algorithm for recognizing two types of small chamfers automatically from manifold B-rep models from the viewpoint of finite element analysis (FEA). The algorithm firstly transforms the input B-rep model into an aggregation of the faces. Then, each face is judged to be a chamfer feature or not based on matching conditions. At last, the chamfers with larger physical sizes than a threshold value are excluded. The innovations of this algorithm lie in the related recognition conditions and unique procedures for calculating the chamfer physical size. Several comprehensive examples are given to demonstrate the validity and applicability of the algorithm.
INTRODUCTION
The analysis process is a key part of the product design cycle. In analysis, the cost is typically dominated by the time to generate a valid FE mod (White et al., 2001) . In early generation of analysis systems, analysts would build the mesh using a bottom-up approach to form a mesh that approximates the target geometry. It is only since CAD systems started to mature that top-down meshing approaches, where mesh algorithms operate on a geometrical model, became the norm Lee et al., 2010) . One of the main problems found in going from CAD to CAE is that CAD models often features a large number of faces, many of them much smaller than the desired FE size (Alam et al., 2016) . Such configurations are often at the origin of poorly-shaped and over-densified elements, not only increasing the analysis time but also producing poor simulation results. Hence, CAD model simplification is essential to producing FE models adapted to analysis (Foucault et al., 2008; Liet al., 2015) .
Although feature recognition and suppression is the most important way to simplify CAD geometry in preparation for mesh generation, it's always a tedious and time consuming task (Ji and Marefat, 1997) . Moreover, the original features and the feature-related information of a feature-based CAD model created in one CAD system usually do not exist any longer when that CAD model is input into a CAE system to generate mesh for analysis (Fu et al., 2003) . In preparation for mesh generation, this paper focus on automatically recognizing two types of small chamfer features arising in different configurations from a pure geometric solid CAD model, manifold B-rep model, without built-in feature.
Chamfers are common features in B-rep models. Researchers have obtained some meaningful achievements in automatic chamfer recognition for different applications, such as machining tool path generation (Thakur et al., 2009) , computer aided process planning (Madurai and Lin, 1992) and mesh generation (Li et al., 2009 ). Lee andFu (1987) proposed recognition algorithms, based on principal axis and tree reconstruction, to extract and unify feature representations from CGS models. In the recognizing process, rule-based algorithm is used. However, their recognition algorithm is limited to CGS models, not suitable for manifold B-rep models. Madurai and Lin (1992) presented an automatic extraction and recognition algorithm for rotational part features by defining a set of grammar rules for a part feature in terms of its geometric primitives from a CAD database. The paper, a research on feature modeling and feature recognition of revolution parts, written by Zeng and Xie (1994) , referred to the chamfer recognition algorithm as well. However, their algorithms were only suitable for the revolution parts, which just recognize the chamfers on the tip of the cone or cylinder.
In S. Xu's method, chamfer feature was divided into three types of faces, i.e. vertex chamfer, edge chamfer, and ring chamfer (Xu andCai, 1999) . These three types of chamfer features are recognized in terms of their own geometrical and topological characteristics. This algorithm only deals with the planar chamfer. Moreover, this method does not support the recognition of the chamfer intersects with other features.
In addition, the above algorithms have one common purpose to facilitate volumetric feature extraction, such as pockets/slots/ribs/etc., for manufacturing. Since most of machining feature recognition techniques consider only models that do not have chamfers or blends (Han et al., 2000) , it would be necessary to clean up them in order to use those algorithms on blended models. Therefore, the goal of the above algorithms is to recognize all chamfer faces, no matter large or small. Based on the above understanding, this paper presented a new algorithm for automatically recognizing small chamfer arising in different configurations for the purpose of mesh generation. Two main contents are included as follow:
(1) Chamfer recognition condition and algorithm.
(2) Calculation method of chamfer physical size. This paper's purpose is for the analysis process. It not only needs new recognition conditions to solve the above mentioned problems, but also use a threshold value to just recognize the small chamfers based on their physical sizes. This paper is structured as follows: Section 2 discusses the chamfer recognition conditions. The recognition algorithm is given in Section 3. Section 4 discusses aspects on implementation and testing examples. Finally, the conclusion and the directions for future research are presented in Section 5.
CHAMFER RECOGNITION CONDITIONS

Categorization
In this paper, chamfer feature was divided into two types of faces, i.e. planar chamfer and conical chamfer, the shadow faces shown in Figure. 
2.2Basic Concepts
(1) Chamfer: the blending surface that connects with two or several faces, such as the shadow faces in Figure 1 (a) and Figure 1 (b) . In the process of feature modeling, chamfer is generally served as the result of doing the chamfering operation on edge at an angle. Faces composing a chamfer feature always meet at convex edges. The area of a chamfer face is smaller compared to its neighbor faces by nature (Kim et al., 2005) .
(2) Smooth-edge: the edge which makes two neighboring faces connected smoothly, i.e. the unit normal vectors of any vertex on the smooth-edge in two neighboring faces are equal, such as e1, e2 in Figure 2 . It's used to distinguish chamfer from blend feature. Figure 1 (a), L1 and L2 are belt length edge, while S1 and S2 are belt width edge. Moreover, both belt length and belt width are used to define the shape size of chamfer. The calculation method of them will be described in detail in Step 4 of Section 3.
2.3Recognition conditions
Chamfer recognition followed by chamfer suppression enables the efficient generation of FE model. Therefore, we define chamfer recognition conditions to detect the chamfers which could be suppressed for the purpose of mesh generation. Chamfers leave a number of clues that distinguish it from other faces in the model. As chamfer recognition conditions, these clues include:
1. Chamfer face is a single-side face. This paper focuses on small chamfer recognition from solid models. Surface models are outside the scope of this paper though they are common in modeling sheet metal components. Taking a double-side face F in Figure 3 as an example, it does not belong to the recognition domain of this paper.
2. Chamfer face must be a plane or cone.
3. Chamfer face has no smooth edges. Compared to the blend feature, the biggest difference is that blend face has at least one smooth edge.
4. The ratio between belt length and belt width of chamfer face is more than 5. In the process of calculating belt width, if the edge of belt width is divided into segments, let the sum of each part's length represent the chamfer width. Detailed description is given in Step 4 of Section 3.
5. The angles requirement among the chamfer face and two neighboring faces. The calculation method of these angles will be described in detail in Step 5 of Section 3. 
SMALL CHAMFER RECOGNITION ALGORITHM
The flowchart of chamfer feature recognition algorithm is shown in Figure 4 . There are six main steps in this algorithm. Besides the required five recognition conditions, this paper realizes the recognition of small chamfers by comparing chamfers' physical sizes with a threshold value. Since the calculated physical sizes are the important reference for setting the threshold value, the threshold value is set after the chamfer physical size calculation. User can directly select a physical size as the threshold value or input a new value based on the target applications. For mesh generation process, the mesh size should be considered since that is the quantity affected by chamfer size. However, the relationship between threshold value and mesh size is outside the scope of this paper.
To understand of the above algorithm more clearly, the six main steps, especially Step 3-6, are further explained with the help of Figures 1, 3 , 5, 6, 7, 8.
Step 1: Judge whether the face is single-side. (Figure 1) or the manifold part of a B-rep model (Figure 3 ).
This condition insures that the input model is a manifold B-rep model
Step 2: Judge whether the type of face is planar or conical.
Step 3: Judge whether the face has no smooth edges.
As we all known, this criterion is very important to distinguish between chamfer feature and blend feature. A blend face has at least one smooth edge while chamfer has no smooth edges.
Therefore, each edge of the target face needs to be judged. Firstly, find the starting point of the edge, then calculate the unit normal vectors of this point on two connecting faces which share this edge. However, more points may be used for making the heuristics more robust. If two unit normal vectors for each point are equal, this edge is a smooth edge. In Figure 2 , the edge e2 is a smooth edge since the unit normal vectors of points v1 and v2 on faces F2 and F are equal. According to the same principle, e1 is judged as another smooth edge. So, the face F can't be a chamfer. Step 4: Judge whether the ratio between belt length and belt width of the face is more than 5.
In the case of planar chamfer, take face F1 in Figure 5 as an illustration. Firstly, calculate all the edges' lengths of the face, and the longest edge is defined as the belt length edge. As shown in Figure 5 , the edge E1 is the belt length edge.
Then find the middle point P1 on the E1, calculate its tangent unit vector v1 along the E1. And then, taking P1 as circle centre and v1 as normal vector, make a big enough disk plane C, which intersect with F1, F2, and F3. The intersecting lines are I1, I2, and I3. Among them, the intersecting line I1 is defined as the belt width edge. Finally, the ratio between belt length and belt width is obtained by calculating the ratio between E1 and I1. In the case of the conical chamfer, the same principle can be used. As shown in Figure 5 , E1 is the belt length edge in Figure 6 (a), and I1 is the belt width edge in Figure 6(b) . So, the ratio can be obtained. If the edge of belt width is divided into segments when the target face is intersected with the making disk plane, let the sum of each part's length represent the chamfer width. For example, there is chamfer face F1 in Figure 7 (a), and L1 is the belt length edge. While intersecting with the disk plane, there are two parts of the intersection line between F1 and C, e.g. I1 and I2 as shown in Figure 7(b) . Therefore, the belt width is the sum of these two parts' length.
Step 5: Judge whether the angles among the chamfer face and two neighboring faces get to the requirement.
(a) (b) Figure 7 .Belt width calculation in the case that belt width edge is divided into segments Face F1 in Figure 5 can be still taken as an instance, repeating the process, like Step 4did, to get the intersection lines I1, I2, and I3. The basic idea how to calculate the angles between the chamfer face F1 and two neighboring faces F2, F3, can be converted to calculate the angles α1、α2、α3 between I1, I2, and I3, shown in Figure 8 . It requires that the angles α1 and α2 between the chamfer face and neighboring faces are between 110°and 180°while the angle α3 between two neighboring faces is between 60°and 120°. Step 6: Calculate the chamfer physical size and compare with the threshold value.
Here, the surface belt width is served as the parameter for measuring the physical size of chamfer and the only reference for the determination of the threshold value. The method of calculating the belt width has been introduced in Step 4.
After finishing the belt width calculation for each chamfer, the threshold value is easy to be determined on how small chamfers are necessary to be recognized. They can directly select a physical size as the threshold value or input a new value between two physical sizes based on the target applications.
Before the above six steps, the algorithm need firstly transform the input B-rep model into a aggregation of faces A(f). And, the algorithm will determine the qualified chamfers based on the threshold value and color up them after all faces in A(f) are visited.
4.IMPLEMENTATION AND TESTING
The proposed algorithm has been implemented as a module of a 3D CAD data processing software, 3Ddep (3D data exchange and processing), at Dalian Polytechnic University. This module is implemented in C++ for processing both single parts and assemblies. The module is available on geometry kernel of ACIS and can be ported easily on other kernels. A comprehensive testing example is given below and the recognized chamfers are shown in different color.
Figure 9(a) shows a model as the input of our algorithm. There are 13 chamfer features in the input model. All chamfers can be recognized without a preset threshold value shown in Figure 9 (b). And 10 chamfers except the top and bottom large chamfers can be recognized with a preset threshold value in Figure 9 (c). Figure 9 (c) also demonstrates the ability for recognizing the chamfers intersected by other feature. In the figure, it shows that two side recognized chamfers are intersected by slots. Figure 9 (d) gives the simplified model after suppressing those 11 chamfer features. Though the chamfer suppression is not the content of this paper, the simplified result is useful for understanding the result of chamfer recognition.
(a)
(c) (d) Figure 9 .Chamfer recognition of an assembly
CONCLUSIONS
This paper describes a B-rep structure based small chamfer recognition algorithm for the analysis process. This algorithm can recognize two types of chamfers, including the planar chamfer and the conical chamfer. Through setting the threshold value based on the chamfers' physical sizes, the qualified small chamfers can be selected correctly.
Up to now, the interface for setting threshold values for assemblies is not convenient, especially for complex products like car. Because car-like products have too many parts and the sizes of them are different drastically. It is ideal to set only one threshold value for one part and automatically calculate the respective threshold values for other parts.
Another future work is chamfer suppression. Currently, chamfer suppression shown in Figure 9 (d) uses the underlying geometry kernel ACIS to remove the set of chamfers from the model. However, the robustness of this operation varies from the kernel to another, and is occasionally prone to failure. The authors are currently developing a chamfer suppression algorithm that makes use of the recognized chamfer faces by the chamfer recognition algorithm of this paper.
